Introduction
============

The regulation of vascular tone in the pulmonary circulation is a complex and multifactorial process that involves the dispensability of the pulmonary vasculature, the function of the heart, concentration of oxygen in the blood and the capacity of the endothelium to release vasoactive substances. All these mechanisms combine to determine pulmonary vascular resistance and to ensure that the pulmonary circulation is maintained as a low pressure, high blood flow circuit. This prevents the passage of fluid into the interstitial space and allows the right ventricle to operate under optimal conditions. Changes in the pulmonary vascular resistance, which is defined as difference between mean pulmonary artery pressure and left atrial pressure, divided by the cardiac output, can lead to changes in the function of the lungs and eventually the right ventricle. Pulmonary arterial hypertension (PAH) is defined as a pulmonary artery pressure greater or equal to 25 mmHg at rest.[@bib1] The increased pressure in the lung has a knock-on effect on the right ventricle, leading to right ventricular hypertrophy and eventually right heart failure.

Symptoms of the condition include shortness of breath, fatigue, a non-productive cough, angina pectoris, syncope and peripheral oedema. While this is a rare condition affecting 15-50 people per million of the population, its incidence is associated with other morbidities such as HIV (0.5% of patients), systemic sclerosis (7--12% of patients), sickle cell anaemia (2--3.75% of patients) mixed connective tissue disease (10--45% of patients) and systemic lupus erythematosus (1--14% of patients).[@bib2] Despite the apparent rareness of the condition, PAH has been classified by the World Health Organistaion (WHO) into 5 distinct categories based on the current understanding of the disease ([Table 1](#tbl1){ref-type="table"}).[@bib1]

Each of these different categories of PAH have a number of common pathological changes in the pulmonary circulation, which include vasoconstriction of the pulmonary vessels, remodelling of the vessel wall, plexiform lesions characterised by intimal and medial thickening by smooth muscle cells and endothelial cell proliferation, fibrotic changes in the vessel wall, thrombus formation and regions of neovascularisation ([Figure 1](#fig1){ref-type="fig"}).[@bib10]

In the absence of targeted therapies the prognosis of these patients is extremely poor. However with the development of therapies targeted on the pulmonary vasculature the survival of these patients has improved. However this benefit is not seen across all the patient groups, with those who suffer with connective tissue disease or scleroderma fairing much worse than those with an idiopathic cause.[@bib9]

PAH is multifactorial disease and a number of different mechanisms have been proposed to contribute to its onset and progression. There are a number of risk factors associated with the disease which relate to the use of drugs such as aminorex, fenfluramine, dexfenfluramine, cocaine, phenylpropanolamine, St. John\'s Wort, chemotherapeutic agents, serotonin re-uptake inhibitors amphetamines, methamphetamines and L-tryptophan or exposure to chemicals such as toxic rapeseed oil.[@bib11] In addition, mutations in bonemorphogenic protein receptor 2, systemic sclerosis, HIV infection, portal hypertension, congenital heart disease with left-to-right shunts, recent acute pulmonary embolism and sickle cell disease are all conditions for which PAH is a risk factor.[@bib12] Although potential causative agents and other diseases associated with PAH represent an apparently diverse range of clinical conditions, there is general agreement that at the cellular level the disease is mediated by dysfunction of the endothelial cells that line the pulmonary vasculature.

Endothelial regulation of the pulmonary circulation
===================================================

In common with all other surfaces in the body over which the blood flows, a continuous layer of endothelial cells covers the pulmonary circulation. While all these cells share the same phenotypic markers (expression of CD31 and/or von Willebrand factor) they cannot be considered as a homogeneous population of cells. Evidence exists that blood vessels of differing size and anatomical locations respond in specific ways, often determined by their different physiological roles.[@bib13] A common feature between endothelial cells is however, the ability to release a range of vasoactive molecules that interact with blood elements and the underlying vascular smooth muscle. These mediators include nitric oxide (NO), prostacyclin and endothelin-1 (ET-1).

These three mediators act to regulate the diameter of the pulmonary vessel by inducing either vasodilatation (NO and prostacyclin) or vasoconstriction (ET-1). In reality a balancing act exists whereby all three mediators may be present to maintain pulmonary vascular tone at an optimal level. Increases or decreases in the amounts of any one agent produced or changes to the receptors/signaling pathway they stimulate may therefore alter the balance towards vasodilation or vasoconstriction. The Hagen-Poiseuille law states that the resistance to flow in a tube is equal to the product of the length of the tube, the viscosity of the fluid, divided by π and the fourth power of the internal radius of the tube. Thus it can be seen that a small change in the radius of the vessel wall will have a significant change to the resistance to flow.[@bib15] Under physiological conditions, such as exercise, this allows for changes in pulmonary vascular resistance due to dilation of pulmonary vessels as well as the recruitment of previously closed capillaries.

In PAH, the profile of endothelium-derived vasoactive factors is changed, with reduced production of vasodilator agents NO and prostacyclin.[@bib16] In addition to their action on vessel diameter, these agents also have an inhibitory effect on the regulation of smooth muscle cell proliferation and platelet activation.[@bib19] Both prostacyclin and NO systems have therefore been the target of potential pharmacological interventions for the treatment of the disease. NO-releasing agents were shown to not be long-acting enough and also had the potential to stimulate a reflex tachycardia due to any effect on peripheral vessels. Agents that target the phosphodiesterase-5 enzyme, the predominant isoform of the phosphodiesterase enzymes that are responsible for the breakdown of cyclic guanosine monophosphate (cGMP), the second messenger for NO, have shown some encouraging long-term benefits.[@bib20] Agents that can directly activate cGMP have also been a focus of attention and are the subject of clinical trials that are currently in progress.[@bib23] Similarly, there are pharmacological agents that stimulate the IP receptors and mimic the effects of prostacyclin that have been used for the treatment of the disease. However, difficulties in the administration of these drugs (they need to be given by inhalation, subcutaneous injection or continuous intravenous infusion), their short half-life and their relative non-specific action at other receptors have limited their use and effectiveness in the treatment of PAH patients.

In contrast to trying to stimulate vasodilation in order to resolve PAH, targeting the vasoconstrictor peptide ET-1 is an alternative or additional strategy that has also been explored. This review will focus on the role of ET-1 in the lung, its biosynthesis, pharmacology, and the evidence for its participation in the pathogenesis of the disease. It will then look at the clinical evidence for efficacy of compounds that block the effects of ET-1 and are currently being used, or are in development, for the treatment of patients with PAH.

Endothelin-1
============

The endothelins are a family of 3 isopeptides that share a similarity in structure to the sarafotoxins, which are found in the venom of Israeli Mole Viper (Atractaspis engaddensis). Termed ET-1, ET-2 and ET-3 they are all 21 amino acid peptides with a high level of homology and similar structure[@bib25] ([Figure 2](#fig2){ref-type="fig"}). The genes for ET-1, ET2, and ET-3 are all located on different chromosomes, with the gene for ET-1 being located on chromosome 6p. While principally found in endothelial cells, a range of other cells types have also been shown to express endothelins including cardiac myocytes, lung epithelium, glomerular kidney cells, mesangial cell, leukocytes and macrophages.[@bib26] ET-1 is the predominant endothelin isoform that is expressed in the cardiovascular system.[@bib27]

Biosynthesis
------------

ET-1 is not stored in endothelial cells. Its release is dependent upon transcription of the gene, with the rate of transcription being responsive to stimulants and inhibitors to allow rapid changes in the amounts released. Transcription of the ET-1 gene is regulated by a number of factors including c-fos, c-jun, acute phase reactant regulatory elements and nuclear factor-1, AP-1 and GATA-2.[@bib28] The gene encodes for a larger 203 amino acid precursor peptide called preproendothelin. Preproendothelin is cleaved to a smaller 38 amino acid peptide, big-ET-1 by the enzyme furin convertase.[@bib31] Mature ET-1 is then produced by the action of a further enzyme, endothelin-converting enzyme (ECE) to produce the active 21 amino acid peptide ([Figure 3](#fig3){ref-type="fig"}). ECE exists in 3 isoforms, with ECE-1 and 2 being responsible for the formation of ET-1. ECE-1 itself exists as four additional isoforms termed a, b, c and d.[@bib32]

There are multiple factors that can affect the synthesis of ET-1 which include mechanical force (shear stress or pulsatile stretch), hypoxia, oxidised LDL cholesterol, low levels of estrogens, glucose, thrombin, other vasoconstrictors, growth factors, cytokines and adhesion molecules.[@bib33] In contrast, NO, prostacyclin atrial natriuretic peptides and estrogen can all reduce the amounts of ET-1 released. The release of ET-1 from endothelial cells appears to occur preferentially towards the underlying vascular smooth muscle, possibly due to stoichiometric binding of ET-1 to its receptors.[@bib34] This may explain why only low levels of the peptide can be detected in the circulation, which can act as a guide to the amounts being released in certain conditions, but is not indicative to the concentrations present at the receptors in the vessel wall.

Endothelin receptors
--------------------

The range of effects mediated by ET-1 is achieved via the activation of specific G-protein coupled cell surface receptors. There are two subtypes of ET-1 receptors that have been characterised ([Figure 4](#fig4){ref-type="fig"}). Termed ET~A~- and ET~B~-receptors, these binding sites consist of single sub-units with a molecular mass in the region of 45-70 kDa and are recognised by ET-1 and when activated transduce the signal to intra-cellular signalling pathways that mediate the response of the cell.[@bib35] However, recent evidence and proposed models of receptor signalling have suggested that the ET-receptor might exist as a heterodimer.[@bib36] Emerging concepts such as receptor cooperation and heterodimerisation are currently being investigated to explain how the dual effects of ET-1 are mediated by its receptors.[@bib37]

ET-receptors are found on vascular smooth muscle cells and myocytes, while ETB-receptors are also located on vascular smooth muscle cells and endothelial cells.[@bib33] The receptors on the vascular smooth muscle cells both mediate vasoconstrictor responses via the activation of phospholipase C, an increase in inostitol triphosphate and diacylglycerol and a subsequent increase in intra-cellular calcium, leading to contraction of the cell. In contrast, the mitogenic effects of the peptide are mediated by the stimulation of protein kinase C by diacylglycerol and calcium.[@bib38] Those ETB-receptors that are located on endothelial cells stimulate the release of nitric oxide and prostacyclin. This effect has a small influence on inducing relaxation of the vessel wall ([Figure 5](#fig5){ref-type="fig"}). Additional effects of ETB-receptors are linked to a reduction in ECE expression and inhibition of apoptosis.[@bib40] Endothelial ETB-receptors are also believed to be involved with the clearance of ET-1 from the circulation by internalising the receptor complex once ET-1 has bound. Due to the high surface area of the pulmonary vasculature the lung therefore acts to clear ET-1 from the circulation, with an estimated removal of 50% of the circulating ET-1 as the blood passes across the lung.[@bib42] This may explain why circulating levels of ET-1 are kept at very low levels (in the picomolar range) and why most of the ET-1 released by the endothelium is directed towards to the underlying smooth muscle cells. In addition to contraction of the vessel wall stimulation of ETA and ETB-receptors may also lead to activation of signalling pathways that mediate cell migration, proliferation, apoptosis or cell survival ([Figure 6](#fig6){ref-type="fig"}).

Pulmonary effects of endothelin-1
=================================

ET-1 is able to affect numerous tissues and organs throughout the body. ET-1 is highly expressed in the lung, with levels of ET-1 mRNA being at least 5 times greater than in any other organ.[@bib44] In a similar manner to its actions in other vascular beds, ET-1 in the pulmonary circulation is able to produce an intense and protracted vasoconstriction of the pulmonary arteries and veins at very low concentrations, with its efficacy and potency being greater than 5-hydroxytryptamine, noradrenaline and the thromboxane A2 mimetic, U46619.[@bib45] In addition to its effects on pulmonary vascular tone, ET-1 also has a weak mitogenic effect on pulmonary vascular smooth muscle cells and to stimulate matrix production by the vessel wall. These effects are enhanced by the presence of other growth factors such as TGF-b1 and platelet-derived growth factor.[@bib26] ET-1 has also been shown to be able to stimulate the proliferation of pulmonary fibroblasts. In addition to these effects in the lung, ET-1 has been shown to be able to have a positive inotropic and chronotropic effect in the myocardium and to stimulate the production of cytokines, growth factors and matrix proteins in a variety of other tissues.[@bib26]

Role of endothelin-1 in pulmonary arterial hypertension
=======================================================

The abundance of ET-1 in the lung makes dysregulation of the ET system a prime candidate for involvement in the onset and progression of increased pulmonary vascular resistance (PVR) and pulmonary vascular remodelling. The muscular arteries seen in PAH and vascular endothelial cells have been shown to express greater levels of ET-1 and preproendothelin-1 compared to normal lungs.[@bib53] Expression of ET-1 is also evident in the plexiform lesions that are characteristic of the disease. The levels of expression of ET-1 correlated with the increased levels of PVR, as did the severity of the structural abnormalities found in distal pulmonary arteries (measured by intravascular ultrasound).[@bib53] In support of this apparent increased ability of the lung to release ET-1 is the observation that PAH patients have increased circulating levels of ET-1 and that there are increased levels of ET-1 exiting the lung compared to the levels that enter the lung. This effect is most likely due to a combination of increased production and reduced clearance.[@bib55]

Those patients who have conditions associated with PAH, such as connective tissue disease, congenital heart defects, pulmonary fibrosis (without connective tissue disease) with left-to-right shunts have elevated levels of plasma ET-1.[@bib56] However, some of these patient groups elevated levels of ET-1 occurred in the absence of PAH or did not correlate with haemodynamic changes.[@bib56]

ET-1 also interacts with ligands at the bone morphogenetic protein receptor-2 (BMPR2). Mutations in BMPR2 have been linked to the familial form of the disease, with inactivating heterozygous mutations, including frameshifts, nonsense and missense mutations, and deletions that could truncate the protein or alter conserved regions, interfering with ligand binding to the BMPR2 or kinase activity.[@bib61] The BMPR2 ligand, BMP7, and in part BMP4, were shown to regulate the balance between vasoconstrictor and vasodilator mechanisms via their ability to suppress ET-1 release from smooth muscle cells and inhibit the contractile response of the vascular wall to the peptide. Over-expression of BMPR2 in rats has been shown to protect against the development of PAH in response to hypoxia. Changes in the function of BMPR2 could either directly or indirectly influence the response of different BMPs and thereby the release of and response to ET-1.

This body of evidence identifies the ET-1 system as a possible pharmacological target for the management of patients with PAH. At the forefront of this effort is the quest to identify ET-1 receptor antagonists that have the required potency and efficacy to be effective in patients with PAH.

Endothelin receptor antagonists
===============================

The profile of ET receptors in the pulmonary vasculature presents a dilemma for devising the best strategy for pharmacological modulation of the effects of ET-1. The effects mediated by ETB-receptors on the endothelium and smooth muscle cells have opposing actions. Those of the smooth muscle, along with the ETA-receptors, contribute to the contractile and remodeling effects of the peptide, which would be advantageous to block in patients with PAH. However, the ETB-receptors on the endothelial cells mediate potentially beneficial effects, namely the release of nitric oxide and prostacyclin and possible removal of endothelin from the circulation.[@bib40] The efficacy of compounds designed non-selectively to block all ET-receptors would therefore be limited by the fact they would block endothelial ETB-receptors. Conversely, a selective ETA-receptor antagonist would leave the ETB-receptors on the smooth muscle cells functional and therefore not block all the contractile/remodelling effects of ET-1 on the pulmonary vessel wall. In practice, the success of drug discovery programmes is governed by the ability to identify compounds with selectivity for either of the two receptors. There are currently two ET-receptor antagonists that are in clinical use, Bosentan and Imbrisentan, while drugs like Sitaxsentan, which initially showed favourable results have now been withdrawn due to issues relating to hepatic toxicity. Macitentan is currently in phase III clinical trials ([Figure 7](#fig7){ref-type="fig"}).

Bosentan
--------

Bosentan (Tracleer®) is a mixed ETA/ETB- receptor antagonist and was the first ET-receptor antagonist to be used clinically. It has a higher affinity for ETA-receptors compared to that for ETB-receptors. Bosentan has a half-life of approximately 7 hours and a 50% bioavailability.[@bib65] Therapy is accompanied with routine liver function tests. It is metabolised by the CYP2C9 and 3A4 isoenzymes of cytochromeP450 and may therefore interact with drugs such as warfarin and digoxin, although their use together in not contraindicated, closer monitoring is recommended.[@bib4]

The first clinical trial with bosentan contained 32 patients treated for 12 weeks, showed in patients with idiopathic PAH or scleroderma-associated PAH to improve performance in the 6-minute walk test by 70 m, improve the cardiac index and reduce the PVR after 8 weeks of treatment.[@bib4] Just under half the patients (49%) improved their NYHA function from class III to class II, while the remaining 51% stayed at class III. This was then followed by the BREATHE-1 (Bosentan Randomised trail of Endothelin Antagonist Therapy) study, which studied effects for 16 weeks in 213 patients (69 in the placebo group and 144 in the bosentan group) with idiopathic PAH or connective tissue-associated PAH and was able to demonstrate a 44 minute improvement in the six-minute walking distance, the Borg dyspnea index and WHO functional class. Patients also saw an increase in the time to clinical worsening.[@bib66] The BREATH-1 study also saw 9% of the patients exhibit liver toxicity, which was associated with the higher dose of the drug (250 mgs compared to 125 mgs). The BREATHE-2 trial studied the effects of bosentan (62.5 mgs b.i.d for 4 weeks followed by 125 mgs b.i.d for the next 12 weeks) in combination with intravenous therapy with epoprostenol (2 ng/kg/min starting dose, titrated up to a maximum dose of 12 to 16 ng/kg/min for up to 16 weeks) in 33 patients (11 in the placebo groups and 22 in the treatment group) with either idiopathic PAH or connective tissue-associated PAH. While improvements were seen in haemodynamics, exercise capacity and functional class in both groups at week 16, the combination of treatment with the two drugs showed no additional significant effect.[@bib68] The BREATHE-3 study provided safety and efficacy data for bosentan in children with PAH treated with or without concomitant prostanoid therapy.[@bib69] Bosentan at a target dose of between 31.25--125 mg twice daily was well tolerated and gave a reduction in mean pulmonary artery pressure of 8.0 mm Hg and a reduction in PVR of 300 dyne.s.m2/cm5. The study concluded that bosentan had a similar pharmacokinetic profile in paediatric patients with PAH as it did in adults with the disease. The BREATHE-4 and BREATHE-5 trials went on to examine the effect of bosantan in patients whose PAH is related to their infection with the human immunodeficiency virus or patients who had Eisenmenger\'s syndrome (PAH associated with a congenital heart defect).[@bib70] The BREATHE-4 trial showed an improvement in exercise capacity, WHO functional class, quality of life and cardiopulmonary haemodynamics, while in the BREATH-5 trial, which contained 54 patients (17 in the placebo group and 37 in the bosentan group), bosentan decreased pulmonary vascular resistance and improved exercise capacity.

Trials in addition to the BREATHE series of studies have also been carried out with bosentan. These have compared the effects of bosentan with the phosphodiesterase-5 inhibitor sildenafil (SERAPH trial, which included idiopathic PAH and connective tissue disease- associated PAH patients) and the selective ETA-receptor antagonist sitaxentan (STRIDE-2 trial, which included idiopathic PAH, connective tissue disease- associated PAH patients and congenital heart disease-associated PAH patients).[@bib72] These trials show that while sildenafil and sitaxsentan both show improvements with a range of clinical parameters, there was no significant difference between their effects and those of bosentan.

The major limitation of the use of bosentan is the incidence of hepatatic toxicity. In the BREATHE-1 trial there was a 14% incidence in the elevation of alanine aminotransferase and aspartate aminotransferase with the higher (250 mg) dose used.[@bib66] It is now recommended that with clinical use of the drug, liver enzymes should be monitored on a monthly basis. Indeed, there has been a reported case of a patient developing cirrhosis of the liver after taking bosentan.[@bib74] Other side effects also include a reduction in haemoglobin levels immediately after commencement of therapy, a drop in blood pressure with the intravenous preparation (but not the oral therapy) and peripheral oedema.[@bib4]

While the experience of using bosentan is greater than any other ET-receptor antagonist, the profile of adverse side effects is greater than that with other therapies. Thus, as experience grows we will be in a better position to determine which patients groups derived the maximum benefit from the drug and to what extent the side effects of bosentan limit the clinical benefit that can be derived from the drug.[@bib78]

Imbrisentan
-----------

Imbrisentan (Letairis®, Volibris®) is an ET-receptor antagonist that preferentially blocks the ETA-receptor. It has \>4000 times greater affinity at the ETA-receptor compared to that at the ETB-receptor.[@bib79] Imbrisentan has a half life in the region of 15 hours, allowing daily dosing to be used.[@bib80] Unlike bosentan, it is tolerated by the liver, being metabolised via glucuronidation and it has no interaction with warfarin.

The clinical trials with imbrisentan have shown it to be effective in the treatment of patients with PAH.[@bib81] The first trial to demonstrate the effect of imbrisentan was conducted on patients with idiopathic PAH or PAH associated with collagen vascular disease, anorexigen use or human immunodeficiency virus infection (HIV). The study was able to show improvements in the 6-minute walk, Borg dyspnea index and WHO functional class test for a concentration range of 1--10 mg for 12 weeks. These clinical benefits were associated with a reduction in mean pulmonary artery pressure of 5 mmHg and increase in cardiac index of 0.33/min/m2.[@bib82] This study was followed by the ARIES series trials. The ARIES-1 study, which contained 201 patients (67 in the placebo group and 67 who received either 5 mg or 10 mg of the drug for 12 weeks) studies 2 doses of imbrisentan (5 mg and 10 mg) in patients with idiopathic PAH, connective tissue disease-associated PAH and a small number of patients with HIV and anorexigenic drug use-associated PAH. The ARIES-2 study was performed over the same time period as the ARIES-1 study and contained 192 patients (65 in the placebo group, 64 who received 2.5 mg and 63 who received 5 mg of the drug). The causes of the PAH were similar to those in the ARIES-1 study.

All treatment groups in the ARIES studies improved their 6-minute walk test by 31 m and 51 m for 5 mg and 10 mg respectively in the ARIES-1 study and 32 m and 59 m for the 2.5 mg and 5 mg respectively in the ARIES-2 study. Improvements in Borg dyspnoea score and BNP levels were seen in both trials, while NYHA functional class improved in ARIES-1, quality of life improvement and a delay in clinical worsening were seen in ARIES-2. As with other ET-receptor antagonists, peripheral oedema was also seen with imbrisentan, but to a greater degree than with bosentan.[@bib83]

Sitaxsentan
-----------

Sitaxsentan (Thelin) is a highly selective ETA-receptor antagonist with up to 6500 times greater affinity for the ETA-receptor compared to that for ETB-receptors. Like imbrisentan, it has a long half-life (between 5-7 hours). However its interaction with Cytochrome P450, it inhibits CYP2C9, lead to an interaction with drugs such as warfarin. This has been shown to lead up to a 80% reduction in the dose of warfarin needed to maintain the desired INR.

The STRIDE studies have investigated the efficacy of sitaxsentan in the treatment of PAH. The STRIDE-1 included 178 patients and the study involved giving patients with idiopathic PAH and PAH associated with connective tissue disease or congenital heart disease 100 mg or 300 mg daily for 12 weeks. Both doses of sitaxsentan improved the 6-minute walk distance, improved the NYHA functional class, cardiac index and PVR at each dose used. However there was not significant change in the peak VO~2~ of the patients.[@bib73] The STRIDE-2 trial went on to compare 50 mg and 100 mg of sitaxsentan to placebo and patients receiving bosentan over an 18-week period. 247 patients with a similar profile of causes of PAH as studied in the STRIDE-1 trial. As before, sitaxsentan improved the 6-minute walk distance to a degree comparable with the bosentan group. However, there was not sufficient power in the study to make a direct comparison between the two drugs. Sitaxsentan also elevated hepatic transaminase (levels to over 3 times the normal range) in 3-5% of the patients. There was a similar increase in 6% of the placebo group and 11% of patients who were receiving bosentan. This was in contrast to the STRIDE-1 study where 3% and 10% of patients increased their transaminase levels after taking 100 mg or 300 mg respectively. The study concluded that 100 mg daily was the optimal dose of sitaxsentan for the treatment of PAH.

In an extension to the STRIDE-2 trial, the STRIDE-2X trial followed the patients for 52 weeks.[@bib85] Patients receiving sitaxsentan at 100 mg had 96% overall survival and a 34% risk for a clinical worsening and a 15% risk of discontinuation due to adverse events after a year of treatment. Bosentan in comparison had an 88% overall survival, a 40% risk of a clinical worsening and 30% risk of discontinuation due to adverse events. The risk of elevated aminotransferase and/or alanine aminotransferase was 6% of the sitaxsentan group and 14% for the bosentan group. It has been suggested that based on the two STRIDE-2 trials the use of a highly selective ETA-receptor antagonist such as sitaxsentan is advantageous compared to a non-selective ETA/B receptor antagonist such as bosentan.[@bib86]

There have been a number of other STRIDE trials. The STRIDE-6 trial compared the effectiveness of sitaxsentan in a group of patients who had to discontinue treatment with bosentan due to a lack of efficacy or skin or liver problems.[@bib87] The 6-minute walk test improved by 15% in 5 out of 15 patients taking 100 mg of sitaxsentan. This was a small study involving only 48 patients and lacked a placebo group. Other STRIDE trials, or long-term extension to trials include the STRIDE-4, STRIDE-1X, STRIDE-3, STRU and STRIDE-X trials.[@bib88]

Despite approval for marketing sitaxsentan in Europe, Canada and Australia in 2006, the FDA refused approval due to concerns about the efficacy of the drug in the STRIDE-2 trial. The STRIDE-5 trial was planned to address these issues, as were a series of trials in the USA, designed to compare the efficacy and safety of sitaxsentan with sildenafil (Clinicaltrials.gov identifiers: NCT00795639, NCT00796666 and NCT00796510). However, in 2010 the manufacturer, Pfizer, due to 2 cases of idiosyncratic, fatal hepatic failure associated with sitaxsentan use, terminated these trials.[@bib89] As a consequence the drug was voluntarily withdrawn from worldwide use on the 10th December 2010.

Macitentan
----------

Macitentan (Opsumit) is a mixed ETA/ETB receptor antagonist that was developed by modifying the structure of bosentan to make sulphonamide derivatives.[@bib90] The tert-butyl benzene sulfonamide part of the initial compound was then replaced by a series of simple alkyl sulfamide moieties ([Figure 8](#fig8){ref-type="fig"}). This yielded a series of compounds with differing efficacy at the ETA and ETB receptor. One of these compounds, macitentan, emerged has having improved tissue penetration and high affinity for both receptors.[@bib91] Doses required to achieve the similar effect of bosentan were an order of magnitude lower for macitentan. The efficacy of the drug is contributed to by the formation of its metabolite ACT-132577, formed by oxidative depropylation, which also has antagonistic activity at ETA and ETB receptors.[@bib91] Macitentan is slowly absorbed and has a half-life of between 6--8.5 and 14--18.5 hours depending on dose. In contrast, ACT-132577 has a half-life of approximately 48 hours, indicating that daily dosing is applicable. There was no effect of macitentan on bile salts indicating no detrimental effect on hepatic function.[@bib92]

The clinical benefit of macitentan was recently demonstrated in the SERAPHIN trial that involved 742 patients. The placebo group of 250 patients were compared to 250 patients who received 3 mg daily and 242 patients received 10 mg daily of the drug. Patients with either idiopathic or heritable PAH or PAH associated with connective-tissue disease, congenital left-to-right shunts, HIV infection, or drug/toxin use/exposure participated in the trial. Macitentan significantly improved the morbidity and mortality of patients with PAH irrespective of whether they had previously received treatment for the disease or not. Improvements in the 6-minute walk test, WHO functional class and reductions of PVR were seen for both concentrations of macitentan. A number of patients withdrew from the trial due to adverse effects that included worsening of PAH, upper respiratory tract infection, peripheral oedema and right ventricular failure. Compared to patients in the placebo group, higher percentages of patients in the two macitentan groups had nasopharyngitis, headache and anaemia. There was no significant incidence in elevations of liver enzymes in any of the three groups. The SERAPHIN trial is discussed in greater detail by Karim Said elsewhere in this issue.

Macitentan is now approved for use in the treatment of PAH in the USA and Canada and it has received a positive opinion from regulatory authorities in Europe.

Combination therapy with ET-receptor antagonists
================================================

In addition to ET-1 receptor blockade, there are a number of other established and new therapies used for the treatment of PAH. These include prostacyclin analogues (epoprostenol, treprostinil, iloprost, beraprost), phosphodiesterase-5 (PDE-5) inhibitors (sildenafil, tadalafil, vardenafil) and more recently activators of cGMP (Riociguat).[@bib94]

There have been several small studies that have specifically examined the benefits of combinations of some of these agents. These studies have shown that combining bosentan with sildenafil is safe and effective in patients with PAH and that the beneficial effects of sildenafil are maintained despite the reduced bioavailability of the PDE-5 inhibitor caused by bosentan.[@bib95] Combining bosentan with prostacyclin analogues was also shown to be safe and effective, with additional improvements seen with bosentan when added to poprostenol or treprostinil therapy.[@bib97] One case report showed recovery over a 6-month period of a woman suffering from progressive right heart failure and severe PAH after treatment was commenced with a combination of bosentan, tadalafil, and beraprost.[@bib99] However, more recently the FREEDOM-C trial, which contained 350 patients studied over a 16-week period, compared the addition of oral treprostinil to patients that were stable on background ET-receptor antagonist and/or a PDE-5 inhibitor. Addition of treprostinil therapy gave no additional benefit in the 6-minute walk test or Borg dyspnea score.[@bib100] The FREEDOM-C study used the same profile of combination therapy as reported for the FREEDOM-C trial, but used a differing dosing regime for treprostinil since it had been shown that the original dosing regime for triprostinil to be sub-optimal.[@bib101] While there was no change in the profile of adverse events, the combination therapy failed to yield any further additional benefits.[@bib100] It was suggested that this may have been due to the relatively short duration of the study (16 weeks) and that longer-term studies are warranted.

Future directions
=================

The data from the clinical trials with ET-receptor antagonists and clinical practice has shown that blocking the effects of ET-1 are beneficial in the treatment of patients with PAH. While the effects of highly selective ETA-receptor antagonists, such as sitaxsentan, are limited by hepatic toxicity, there appears to be no obvious advantage in selectively blocking one receptor subtype compared to the non-selective actions of drugs like bosentan and macitentan. The structure/activity relationship studies made during the development of macitentan represent the most effective way forward in the development of additional compounds with high affinity at ET receptors and potentially and less deleterious side effects.[@bib90]

In identifying the ET system as a therapeutic target in PAH, attempts would be made to assess the efficacy of other targets of pharmacological intervention. In a similar manner to the way angiotensin receptor blockers and angiotensin converting enzyme inhibitors are used to modulate the actions of angiotensin II, inhibitors of ECE represent potential pharmacological tools to limit the effects of ET-1. Compounds such as SLV-306 (daglutril), which inhibit ECE and neutral endopeptidase, has been shown to reduce circulating ET-1 levels in healthy volunteers, reduce systolic blood pressure and reduce pulmonary and right atrial pressures in patients with congestive heart failure.[@bib102] However this latter study failed to show a true dose-response relationship for the drug. As newer ECE inhibitors are developed, time will tell if this represents a viable pharmacological strategy for the treatment of PAH that will rival existing drugs.

![Characteristic histlogical changes seen in the pulmaonray areriesof lungs affected with PAH showing (A) medial hypertrophy, (B) concentric non-laminar intinal fribrosis, (C) eccentric intimal fibrosis, (D) thrombotic lesions, (E) concentric laminar intimal fibrosis, (F) plexiform lesions of small sinusoid-like vessesls, (G)multiple dilation lesions associated with centrally located plexiform lesions and (H) presence of T-lymphocytes (CD-3 positive) cells in a plexifrom lesion). From Montani el al.[@bib11]](gcsp-2014-029-g001){#fig1}

![Amino-acid structure of isoforms of endothelin. Chnages in specfic aminio acids in the peptide sequence compared to ET-1 circled in red.](gcsp-2014-029-g002){#fig2}

![Steps in the biosynthesis of endothelin-1. Modified from Kohan et al.[@bib104]](gcsp-2014-029-g003){#fig3}

![Endothelin receptor agoinsts, receptor subtypes and principal signalling pathways.](gcsp-2014-029-g004){#fig4}

![Interaction between endothelial cells and vascualar smooth mucle cells mediated by endothein-1. (NO, nitric oxide; ET-1, endothelin-1; cGMP, cyclic guanosine monophosphate; CA^2+^, calcium ions; PKC, protein kinase C; PI3-K, phosphatidylinositol 3-kinase; AKt -- Protein Kinase B; MAPK, mitogen activated protein kinase). Modified from Kohan et al.[@bib104]](gcsp-2014-029-g005){#fig5}

![Signalling pathways linked to the conractile, migartory, proliverative and fate of cells mediated by ETA and ETB receptors. (PLC, phospholipase C; IP3, phosphatidylinositol; DAG, diacylglycerol; IP3 Ca^2+^, calcium ions; PKC, protein kinase C; MAPK, mitogen-activated protein kinase; PLD, phospholipase D; RTK, receptor tyrosine kinase; PI3K, phosphatidylinositol 3-kinase, cSRC, cytosolic tyrosine kinase; SHC, Src homology 2 domain-containing; GRB2, Growth factor receptor-bound protein 2; and SOS, Son of sevenless proetin; RAS, rat sarcoma protein; RAF, Rapidly Accelerated Fibrosarcoma protein).](gcsp-2014-029-g006){#fig6}

![Chemical stucture of clinically used endothein receptor antagonists.](gcsp-2014-029-g007){#fig7}

![Principal steps in the chemical synthesis of macitentan from bosentan.](gcsp-2014-029-g008){#fig8}

###### 

Clinical Classification of Pulmonary Hypertension. (ALK1, activin receptor-like kinase type 1; BMPR, bone morphogenetic protein receptor type 2; HIV, human immunodeficiency virus) (Dana Point, 2008).[@bib1]

  ------------------------------------------------------------------------------------------------------- -----------------------------------------------------------------------------------------------------------------------------------
  **Group 1 Pulmonary arterial hypertension (PAH)**                                                       
  1.1                                                                                                     Idiopathic PAH
  1.2                                                                                                     Heritable
                                                                                                          1.2.1 BMPR2
                                                                                                          1.2.2 ALK1, endoglin (with or without hereditary hemorrhagic telangiectasia)
                                                                                                          1.2.3 Unknown
  1.3                                                                                                     Drug- and toxin-induced
  1.4                                                                                                     Associated with
                                                                                                          1.4.1 Connective tissue diseases
                                                                                                          1.4.2 HIV infection
                                                                                                          1.4.3 Portal hypertension
                                                                                                          1.4.4 Congenital heart diseases
                                                                                                          1.4.5 Schistosomiasis
                                                                                                          1.4.6 Chronic hemolytic anemia
  1.5                                                                                                     Persistent pulmonary hypertension of the newborn
  **Group 1′ Pulmonary veno-occlusive disease (PVOD) and/or pulmonary capillary hemangiomatosis (PCH)**   
  **Group 2 Pulmonary hypertension owing to left heart disease**                                          
  2.1                                                                                                     Systolic dysfunction
  2.2                                                                                                     Diastolic dysfunction
  2.3                                                                                                     Valvular disease
  **Group 3 Pulmonary hypertension owing to lung diseases and/or hypoxia**                                
  3.1                                                                                                     Chronic obstructive pulmonary disease
  3.2                                                                                                     Interstitial lung disease
  3.3                                                                                                     Other pulmonary diseases with mixed restrictive and obstructive pattern
  3.4                                                                                                     Sleep-disordered breathing
  3.5                                                                                                     Alveolar hypoventilation disorders
  3.6                                                                                                     Chronic exposure to high altitude
  3.7                                                                                                     Developmental abnormalities
  **Group 4** **Chronic thromboembolic pulmonary hypertension (CTEPH)**                                   
  **Group 5** **Pulmonary hypertension with unclear multifactorial mechanisms**                           
  5.1                                                                                                     Hematologic disorders: myeloproliferative disorders, splenectomy
  5.2                                                                                                     Systemic disorders: sarcoidosis, pulmonary Langerhans cell histiocytosis: lymphangioleiomyomatosis, neurofibromatosis, vasculitis
  5.3                                                                                                     Metabolic disorders: glycogen storage disease, Gaucher disease, thyroid disorders
  5.4                                                                                                     Others: tumoral obstruction, fibrosing mediastinitis, chronic renal failure on dialysis
  ------------------------------------------------------------------------------------------------------- -----------------------------------------------------------------------------------------------------------------------------------
